Metal-halide perovskites exhibit high efficiencies in photovoltaic applications and low recombination rates, despite the high concentrations of intrinsic defects. We here study the hole trapping at the negative iodine interstitial, which corresponds to the dominating recombination center in CH 3 NH 3 PbI 3 . We calculate the free energy profile for the hole trapping at 300 K using the Blue Moon technique based on hybrid functional molecular dynamics. We find that the hole trapping is energetically unfavorable and requires overcoming an energy barrier. This behavior stems from the position of the vertical (−/0) transition level of the iodine defect and the formation of a polaron. Our simulations show that the polaron does not interact with the iodine interstitial and hops through the lattice on a sub-picosecond scale. Our results highlight a mechanism by which the low mononuclear (trap-assisted) recombination rates in CH 3 NH 3 PbI 3 can be explained.
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Metal-halide perovskites, such as methylammonium lead iodide (CH 3 NH 3 PbI 3 ), have emerged as promising materials for high efficiency solar cells. [1] [2] [3] One of the main reasons for the outstanding performance of devices based on halide perovskites, is the slow recombination of photogenerated carriers [4] [5] [6] . It has been shown that the recombination rates measured in CH 3 NH 3 PbI 3 are dominated by the bimolecular recombination process. [7] [8] [9] The very low monomolecular (trap-assisted) recombination rate is surprising, considering that perovskites are generally processed at low temperature, [10] [11] [12] which would suggest high concentrations of intrinsic defects. Additionally, using advanced hybrid functional calculations including spin-orbit coupling effects, Du 13 showed that iodine-related defects in CH 3 NH 3 PbI 3 , such as iodine interstitials, introduce deep hole and electron trapping levels inside the band gap and should play a role in carrier trapping and recombination.
To understand the low recombination rates at iodine interstitials in CH 3 NH 3 PbI 3 , it is necessary to determine their dominating charge state. Experimental studies indicate that single-crystalline samples of CH 3 NH 3 PbI 3 are intrinsic or slightly p-doped, 14 while n-doping is observed in thin films near the surface. 15 According to computational studies, 13, 16 the iodine interstitial should be stable in a negative charge state in intrinsic, n-doped and slightly p-doped CH 3 NH 3 PbI 3 samples. Stability of I − i can be expected for a wide range of Fermi levels, since such a defect corresponds to simply adding an iodine anion in its formal −1 charge state to the lattice. Meggiolaro et al. 16 found that the Fermi level is pinned close to the middle of the band gap in stoichiometric sam- ples. These findings indicate that the negative charge state of the iodine interstitial should be the dominant one in CH 3 NH 3 PbI 3 samples. However, the low recombination rate at this defect state still remains to be clarified. One possible explanation for the low recombination rates at the negatively charged iodine interstitial could be related to kinetic barriers for the charge trapping. Even though the (0/−) thermodynamic transition level of the iodine interstitial is inside the gap of CH 3 NH 3 PbI 3 , [16] [17] [18] [19] it has been observed that the vertical level for the extraction of an electron from the I − i defect lies below the valence band maximum (VBM) 17 . This means that upon excitation of I − i an electron is removed from a delocalized valence state and not from the interstitial. The creation of I 0 i might then involve the overcoming of a kinetic barrier. We here investigate hole trapping at the iodine interstitial in CH 3 NH 3 PbI 3 and show that polarons might prevent this process. We perform hybrid functional molecular dynamics (MD) simulations of the negatively charged and the neutral iodine interstitial. We find that upon photoexcitation the negatively charged iodine interstitial retains its charge state, while the hole forms a polaron, which is free to hop between the inorganic layers of the perovskite. Our calculations indicate that the trapping of the hole at the defect site is energetically unfavorable and requires overcoming an energy barrier. Consequently, polaron formation suppresses the charge recombination at iodine defects in CH 3 NH 3 PbI 3 .
For the monomolecular recombination to occur at the negatively charged iodine interstitial I − i (see Fig. 1 ), an electron-hole pair needs to be first generated, for instance through photoexcitation. Then, the interstitial should trap a hole and create a neutral defect I 0 i . We note that as the vertical (−/0) level is below VBM 13 , this step should correspond to an energy increase, and could therefore involve a kinetic barrier. Next, I 0 i with the trapped hole would relax to its equilibrium geometry and be ready to capture an electron, acting in this way as a recombination center. When the cycle is completed, the iodine interstitial returns to its negatively charged ground state, which could then serve again as a recombination center. We here study the process of hole trapping at the negatively charged interstitial (steps 2 and 3 in Fig. 1 ). First, we assess the relative stability of the initial and final system. The initial system corresponds to I − i in the presence of a free hole. The final system after charge trapping consists of the neutral defect I 0 i . To account for the rotational degrees of freedom of the organic molecules in CH 3 NH 3 PbI 3 in these two states, we perform molecular dynamics simulations at 300 K. The calculations presented here are carried out with the CP2K code 20 in the canonical NV T ensemble. In the simulations, we describe the orbitals with atom-centered Gaussian-type basis functions and the electron density is re-expanded with an auxiliary plane-wave basis set. We use Goedecker-Teter-Hutter pseudopotentials to account for core-valence interactions. 21 Double-ζ polarized basis sets are used for the wave functions 22 along with a cutoff of 800 Ry for the expansion of the electron density in plane waves. The simulations are performed for a 384-atom supercell with an initial apolar arrangement of the organic cations. We note that during the MD simulation at 300 K, the cations undergo free rotations. Following Lahnsteiner et al., 23 we extract from the autocorrelation function the average reorientation time of the molecule of about 4 ps. We use the experimental lattice parameters of the tetragonal phase of CH 3 NH 3 PbI 3 . 24 It has been indicated, both in experimental [25] [26] [27] [28] and computational 27,29 studies, that free charges in CH 3 NH 3 PbI 3 form localized polaronic states. Therefore, to properly account for such states, the simulations are carried out with the hybrid functional PBE0. 30 In the simulation we neglect spin-orbit coupling, since the transition level of the negative iodine interstitial relative to the VBM remains essentially unaffected by this effect in CH 3 NH 3 PbI 3 . 13 We perform two molecular dynamics simulations in an overall neutral charge state, one starting with the geometry of I 0 i and one with the geometry of I − i . In the latter, a hole in the valence band is present. In the system containing I − i and a hole, we observe the formation of a polaron within the first picosecond of the simulation. In Fig. 2 , we show the localization of the extra hole in the two states. For I 0 i , the charge is localized on two iodine atoms forming a dimer with an equilibrium distance of about 3.2 Å. This corresponds to the typical I-I distance in I − 2 and is consistent with previous findings. 16, 31 In the case of the I − i +polaron system, the extra charge forms a polaron, which hops between the available inorganic layers orthogonal to the tetragonal axis, as in the case of a free polaron. 29 We note that, throughout the simulation, the hole polaron retains its localized state, with the hole density being mostly localized within a single PbI 4 unit. For the negatively charged iodine interstitial, the two apical iodine atoms are separated by about 3.9 Å. We observe that during the 4 ps of simulation the two systems retain their starting configurations, indicating that they both correspond to local minima. During the simulation, we do not observe transitions between the two states, which suggests that they are separated by an energy barrier. To assess the relative stability of the two systems, we first examine the total energy obtained in the respective simulations. However, as can be seen in Fig. 3 , in both cases we obtain a broad energy distribution, centered around similar average values. These results indicate that such MD simulations are unable to draw the relative energetics of the two systems.
To accurately study the free energy path between the two configurations and their relative stability at 300 K, we use the Blue Moon technique. 32 In this way, we fully take into account the rotational degrees of freedom and the associated screening of the organic cations. The method consists in performing a set of constrained MD simulations, in which we vary the distance ζ between two apical iodine atoms between 3.2 Å and 4.0 Å. The free energy profile ∆F(ζ ) can then be obtained from the integration of the forces λ (Lagrange multipliers) acting on the constraint over the reaction coordinate ζ : 33
where ζ 0 =3.2 Å, corresponding to the equilibrium I-I distance of I 0 i . The free energy profile obtained through the Blue Moon technique is shown in Fig. 4 . For each I-I distance we perform a constrained MD simulation lasting between 3.5 to 5 ps. We include error bars estimated through a blocking analysis. 34 From the free energy profile, we observe that the system in which the negative iodine interstitial retains its charge state and the photogenerated hole forms a free polaron is by 33 meV more stable than the neutral defect. This means that hole trapping at the iodine interstitial in energetically unfavorable. In addition, the capture of a hole by the interstitial requires overcoming a barrier of about 73 meV. While such energies are at the limit of the accuracy of the methods used, an interesting mechanism nevertheless emerges. The reported barrier is relatively small, and could easily be overcome at room temperature, provided that the polaron remains in the proximity of the interstitial for a signifi- cant amount of time. To examine whether the hole polaron remains bound to the iodine interstitial, we monitor its localization during the MD simulation. In Fig. 5 , we show the position of the polaron as a function of time. We observe that during the 4 ps of the simulation, the hole hops freely between the inorganic planes orthogonal to the tetragonal axis on a sub-picosecond timescale. This suggests that the kinetic barrier for hole polaron hopping is significantly smaller than kT at room temperature. We note that the polaron hopping is significantly faster that the reorientation of the molecules, which occurs on a picosecond timescale. This is consistent with experimental 28 and computational 29 observations that polaron formation is mostly independent on the cation dynamics in halide perovskites. Would the polaron be efficiently attracted to the negative interstitial lying close to the plane 2z, the probability of finding the hole density in its proximity (layers 1z, 2z and 3z) would be higher than for the farthest layer (4z). We observe that the polaron is distributed homogeneously across the supercell, suggesting that the negative interstitial is unable to attract the hole polaron. We attribute the suppression of the Coulomb attraction between the two opposite charges to the large static screening in CH 3 NH 3 PbI 3 . The order of magnitude of the effective electrostatic interaction between the negative and positive charges can be estimated considering the exciton binding energy in CH 3 NH 3 PbI 3 . At room temperature, a binding energy of a few millielectronvolts has been measured, 35 in a frequency regime where the effective dielectric constant was estimated to be ε ≈ 9. In the static case, in which the dielectric constant amounts to ≈70 36 , this electrostatic interaction would be further reduced by an order of magnitude. Such an energy is negligible compared to the hole polaron binding energy, which amounts to 90 meV 29 . This explains the absence of any effective binding between the interstitial and the hole, as observed in the simulation. Therefore, we conclude that the hole trapping at the iodine interstitial should have a low probability. First, this is because the hole polaron hops freely through the material and only spends a short time in the close proximity of the well-screened iodine interstitial I − i . Second, the phase space associated with the free polaron configurations is much larger than that corresponding to the hole localization on the iodine interstitial, thereby further reducing the probability of trapping. We note that we expect a similar behavior for electron trapping at the positively charged state of the iodine interstitial I + i . An accurate study of such process would require the inclusion of spin-orbit coupling, as the conduction band is more strongly affected than the valence band. 13, 37 However, combining relativistic calculations with molecular dynamics at the hybrid functional level is at present computationally prohibitive. Nevertheless, we remark that the suppression of hole trapping at I − i highlighted here results from the combination of three physical phenomena, which will also occur in the case of electron trapping at the positively charged defect. First, the kinetic energy barrier for charge trapping is due to the fact that the vertical level for electron extraction from I − i lies outside the band gap (see Fig. 1 ). For I + i , the vertical level for electron capture also lies outside the band gap, namely within the conduction band. 13 Second, the polaron formation stabilizes the hole and contributes to disfavoring the neutral interstitial. It has previously been shown that the electron, which could be trapped by I + i , also forms a polaron on a sub-picosecond timescale 28, 29 and should lead to a similar behavior as the one described here for the hole. Third, the probability of hole trapping is reduced due to the efficient static screening of charges in CH 3 NH 3 PbI 3 , which will also hold for the electron and the I + i defect. We note that our results differ from the recent study of Meggiolaro et al. 16 on iodine defects. They have found that the negatively charged iodine interstitial traps holes without any barrier when transforming into I 0 i . Then, the trapped hole can recombine with a free electron rapidly. Therefore, Ref. 16 concludes that I − i is a potentially harmful defect. However, the study of Meggiolaro et al. does not take into account the formation of polarons nor the rotational degrees of freedom of the organic cations, which play a critical role in our model. In the case of the positively charged iodine interstitial, Meggiolaro et al. found that the electrons are trapped by I + i without any kinetic barrier. The absence of the barrier is possibly due to the omission of spin-orbit effects in the structural relaxations, as the (+/0) vertical level of the iodine interstitial lies within the conduction band only when these effects are accounted for. In Ref. 16 , it is then suggested that the trapped electrons cannot escape the I 0 i defects immediately, due to the relaxation to a secondary minimum. The long recombination times are thus due to long-living excited defect states, at variance with our model in which the charges are unlikely to be trapped. Charge trapping at the iodine defect has also been studied by Li et al. 38 . However, their work focuses on the neutral I 0 i interstitial, which is a metastable state of this defect, 13 and its interaction with free charges. Therefore, it cannot be directly compared with the present study focusing on the equilibrum charge state of the iodine interstitial, I − i . Our study discloses a mechanism underlying the low recombination rates observed experimentally at defects in halide perovskites and demonstrates the critical role of polarons in this class of materials. We investigated the hole trapping mechanism at the negative iodine interstitial in CH 3 NH 3 PbI 3 . We found that it is energetically favorable for the interstitial to retain its negative charge state, while the hole forms a free polaron. Trapping the hole at the interstitial corresponds to a higher free energy and requires overcoming a barrier. Additionally, we showed that the hole polaron freely hops through the CH 3 NH 3 PbI 3 lattice on a sub-picosecond timescale, which further prevents hole trapping.
Hence, our study reveals how the mononuclear recombination channel can be suppressed, thereby providing an explanation for the defect-tolerance of halide perovskites.
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